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SUW’VAIW

Wany different oil coolers may be selected to dissipate

any required amount of heat. The pressure drops and rates

of air flow are readSly det?rmi.ned fr~m commercial data.

However, there arr three additiOIMQ Iact,clrswhich sre of

vital import arice:

1. Congealing tendenc;]of the cooler

2. Power cost chargeable to the installation

5“ Performance charactertstlcs n7 tti~oil coclel’in

operation at alt:tufle

The con~eQf n.g tendencies of Dil.coolers rank in import-

ance with pressure ATOV, power for coolin~,, arxj ‘thedimen-

sions of the unlt. The con~e~ling tendencies can be im-

proved by selecting a unit of adequate size and then con-

trollii:gthe coaling by limitin~ the air flow.

This paper presents a method for (1) selecting an oil

cooler which will dissi~pate the required amount of heat,

(2) for determining its freezing tendency, (3) for calculating

the pGwer cost, and (h) for investigating the performmce

characte.risties at any altitude.
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INTROIXC‘TION

The selection and Installation of an oil cooler to dis-

sipate the required heat without congealing tendencies at an

acceptable power cost has ali~~a~s been a troublesome problem.

As the operating altitude and the velocity of airplanes have

increased, the range of pressure drop available for cooling

and the entrance air temperature have varied in such a manner

that the con~ealing tendencies of 05.1coolers have been

greatly aggravated. Also the increases in speed of’new types

of aircraft have put a prew.ium on installations having optimum

sizes of oil coolers. Careful. selection of an oil cooler is

imperative to give satisfactory operation under all flight

conditions .

The selection of the dimensions of any heat exchanCer

always involves a compromise among several quantities : pro-

portions, power Ror cooling, pressure drop, etc. The problem

of selectingan ethylene glycol Oi’water radiator is one of

finding the dimensions which will dissipate the heat with the

pressure drop available over the altitude range of operation

at the smallest power cost. Oil-cooler selectlon presents

the additional nroblem o-fso selecting the dimensions and

pressure drops that the cooler will be as free as practicable from

congealin~ tendencies.

The present analysis is submitted in order to show what

conditions must be satisfied to select an oil cooler which

will give satisfactory operation under all flight conditior.s.
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Appendices are included which present selection charts and

selection forms for oil coolers.

SYMBOLS .

Aa total frontal area of cooler, square feet

A. area between baffles~ perpendicular t.~oil

flOw, square feet &

B baffling constant determined from oil-cooler data

c.
1?

spectfic ‘heat

OFper

at constant pressure, 3tu per pound

c1 sc-j2cJ, empirical numerical constailts
AL

d’c CL

DeJ

D

f

13

h

H

‘P

k

%

+

ratio of drag

airplane

20~ff;LC~eJ2t tO lift COeffiCi@IIt Of

diameter of cooler, feet

hydraulic diameter of passage, feet

ratio of open area to total area

acceleration ,dueto gravity, feet oer second per

second

coefficient of heat transfer, Btu per second per

square foot per ‘T

rate of heat dissipation, Btu per second

heat transferredper 100° temperature difference

between average oil and entering air

thermal conductivity, 3tu per second per square

foot pez’aF per foot

constant, seconds per foot-pound
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length of air passage, feet

number of tubes per square foot of frontal area

absolute pressure, pounds per square foot

pressure drop, pounds per square foot

power, foot-pounds per second

pumping power, foot-pounds per second

power to carry the oil cooler and supports

(constant wing loading), foot-pounds per second

quantity of air flow, cubic feet per second

ratio of the thermal resistance on the oil side to the

thermal resistance on the air side

effective coolin~ surface per unit length of tube,

square feet per foot per tube

effective coclin~ surface, square feet

temperature, ‘F

temperature of’tube wall, ‘F

change in temperature, ‘F

temperature difference betvveeilentering oil and inlet

air, ‘1?

volume, cubic feet

speed of airplane, feet per sscond

wei,ght flow, pounds per second

empirical numerical exponents

multiplying factor to account for weight of oil cooler

mounting and supports

1
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L mean effective temperature difference between oil and

cooling air divided by ATi

~ duct puclping efficiency,
~

uselh.dpower divided by d:l”ag

pol~e~

v coefficient of .absol~~tevishosity, slugs per fo~t-

secand

n change in temperature of air divided b; AT’3.L

~ change in temperature cf oil divided by ATi

P density, SIUSS

P weight density
~nJ

)$@wfdy 9P’9\ ~c’

cooling air

initial

Cil

total

nAT:= ———
l?gl $2,

2 c,

per cubic foot

O,fO?l coo12r, nounds per cubic foot

(35ilSt 2Plt S

SUBSCRIPTS

PaUL= ‘x ~a’
Isa
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DEFIBTITION OF GENER.AL1ZED VARIABLF.S

l/hoSo = (Ao’)TJ—— .
l\hasa (Aa’)u

AJ)JA~ysIs

Heat-transfer units,in general,involve two fluids and

a dividing surface. When heat is being transferred from one

fluid to another, there Is a resistance to heat transfer

l/htSt. Tb.etotal resistance to the flew of heat is the sum

of the resistances of the two fluids and the divialingplate.
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In most cases fthe dividing plate is very thin and its resis-

,.
tance may be ne~lected. For an oil cooler, we.‘“maythen.

. .
‘ wrfte

l/htSt = i/haSa +,~/’hoso

In ethylene glyco-l or water radj.ators,the thermal

resistance on the liquid side is negligible, In oil

coolers, however, the’thermal resistance on the liquid side

lfioSo is much larger than in coolarltradiators and under

certain condi Lions may hecorneequal to or even greater than

the thermal resistance on the air side l//haSa.

Because the nhysical properties of aviation lubri-

cating oils, chiefly viscosity, depend very strongly on

their temperatures, the prediction of oil-cooler perform-

ance is difficult. It is known that the oil tends to con-

geal near the tubas when the thermal resistance on-the oil

side is a large part of the total resistance, as occurs when

the mass flow of oil is small, when the tube spacing is

large, or wilen the oil side is not closely baffled. If the

thermal resistance on the oil side is a small part of the

total, the tube-wall temperature is near that of the oil

at the center of the passage. The temperature gradient is

similar to that shown in figure l(a). As the thermal re-

sistance on the oil side increases, the tube-wall tempera-

ture falls and the viscosity of the oil near the.tube wall
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increases ra~idly as in figure l(b). If”the temperature of

the tube wall decreases sufficiently the oil near the tub~ wall

becomes very viscous and forms a layer which literally freezes

onto the tubing. This reduces the effective hydrauliu dia~

meter of the passa~e and.increases the oil pressure drop.

This con~ealed layer acts as an insulating film which. -3revents

the oil from performing its cooling function,

Fi~ures,2, 3, ~, and ~ present typical test data taken

at the iiavalAircraft Factor~’, Philadelphia. (See reference

In fiCures 2 and ~ it will be noted that, as the cooling air

temperature is reduced while the oil and air flows are main-

1.)

tained constant, an air tefix>eratureis ultimately reached where..

the heat dissipation decreases and the oil pressure drop

increases until- the bypass valve opens. In figure ~L,the weight

rate of flow of al??is varied vrhtle the inlet air temperature

and mass flow-of oil are maintained constant. As the air flow

Is increased, a value i.sreached where the heat CLissipation

decreases and the oil pressure drop increases precipitantly.

In figure ~, the heat dissipation is shown as a function of

inlet oil temperature. Tn this case, a: the inlet oil.

temperature is decreased a temperature is again reached where

the heat Ussipaticn be@ns to fall off.
l/hoSo

The thermal resistance ratio, —, has been cal-cu-lated
l/hasa

for a number of points. From the approximate relation,
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To - T,V- 1/110s~–—L = I/haSa ‘
Tw - Ta

the tube-wall temperature at the point where heat transfer

takes place between entering air and exit oil has been

ca”lcul.ated and is plotted cn the curves of figures 2, 3,

~, and 5. similar analysis for a number of coolers in-

dicates that congealing becomes possible for the grade of oil

used when the tube wall falls below a temperature of approxi-

mately 100°F. A-cooler should be selected with the tube-

wall temperature always well a’bcvecir.n~ertiemperatureo

It must be obvious that this criterion of congealing

‘tendencies is much too sir.pleto be ‘used in a general case

because other factors such as oil viscosity index, inlet oil

temperature, and oil f’lowwhich were maintained. in a limited

rance for the available test data are also important factors

in determining the safe limiting value for the tube--wall

temperature.

This a?ialysishas been carried as far as possible .

without further information, where a large range of oil

temperatures , oil flows,and vise’~sities has been used

in heat-dissipation measurements on oil coolers. Such

data might allow a correlation to be made which would

permit a more general and more useful ciaiterionof congeal-

ing tendencies.
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13yuse of the appendix, figure 6 has been prepared for

an oil cooler to dissipate 100 horsepower. Here the abscissa

is weight flow of air ~~,]lj.lethe ordinate refers tO the

various curves plotted. Curves showing pressure drop, pover

cost for cooling, frontal area, and tube-wall temperature

plotted on this figure. It is at once apparent from this

figure that large oil coolers and small cooling air flow

are

are favorable both for total power consumption and con~ealing

tendencies. In order to see the picture of oil-cooler

selection and operating characterjsts.cs with altitude, a set

of three-dimensional charts has been prepared on the axes of

frontal area and altitude of figures 7, 8, 9, and 10. Here

the effect of altitude and frontal area on power consumption,

weight flow of air, pressure drop, and tube-wall temperature

is shown.

A study of these three-dimensional illustrations reveals

several interestiilg points. As the altitude is increased

with a given oil cooler, the weight flow of air must be re-

duced to dissipate the same amount of heat and to avoid con-

gealing. If the air flow is held to the proper value to

dissipate the heat, the maximum altitude is the critical

altitude for the selection of an oil cooler with safe con-

gealing tendencies. An oil cooler selected with a safe
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tube-we.11temperature at the maximum altitude should experi-

ence no congealing troubles at lower altitudes-. For ths ex-

ample selected ;n the appendix, a cooler selected near mlnimurn

power has resonable freezing tendencies at altitude.

CONCLUSIOIT

The results of this analysis of’oil-cooler performance

indicate that an oil cooler selected upon the basis of using

the total pressure drop available will be small, will re-

quire excessive power expenditure, and may have ver;fbad

congealing tefldencies. Althouch It might seer.most logical

to Vick the smallent coole~ l~lhjC]qwill d-l ssi:>zite the heat

usir+ wb.atpressure drop there is available, in most cases

tineuse of a lc+Yg5rco>lcr and a smaller pressure drop with

good control ~ver the afl~)flow wo’~id co]lsumeless tota”lpcwer,

would be less li’~elyto conge~.1,and would require a smaller

mass flow of air. The advantages ~f a largsr 0%1 cooler are

realized only when careful control of the air ~law is main-

tained.

As an example assume 70 POUYKIS per squa>-efoot,pressure

drop is avatlable In climb at 3C),00C)feet. An oil.cooler

using all the pressure drop available may be selected.

From .f’igureg, Aa is four.dto be 0.~2 square foot. From

fiGures 7, ~, and 10: Wa = 5.7 pounds per second, Tw = p9°F,

and Pt = 50 horsepower. This cooler would very ].ikelycon-

geal.
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However, if only 30 pounds per square foot pressure drop

is used, from figure 9, Aa = 1.16 square feet. Again from

figures 7,8, and 10: via= .!J.8pounds per second, T,,7= l].lO1,

and Pt = 14.2 horsepower’. This arrangement wGuld have much

better freezing tendencies and ‘~jo’~ldconsume less than half

the total power used by a cooler using all the pressure drop

available.

Langley N!emorial Aeronautical Laboratory,
National. Advfsory Committee for Aeronautics,

Langley Field, Va. , July 2)+, 1945.
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APPENDIX I

DERIVATION OF THE OIL-C03LER EQUATIONS

In reference 2, a generalized selectlon chart f’or

coolant r&ldiQtOrswas presented. In reference 3, general-

ized equations for selection charts for heat exchangers in

aircraft were derived. Selection charts for my type of

heat exchanger can be constructed from these equations. In

reference ~, Wner.qiized selec’tio~charts for air-to-air

interco~lers were constructed. Tn t~~s paper a generalized

sel.ectlo:~cl:’artfor oil coolers is presented. A generalized

selection chart is valuable in that, siilceit gives a picture

of the relations aclongthe variables, it enables one to

effect satisfactory compromiscso A generalized chart

approacyaes the ultlmate in correlation. A sjngle ckart

applies to all heat exchangers o.fa given internal desi~n.

In both the construction and the use of an oil-cooler

selection chart, Lhe situation is quite different from that

for coolant radiators or for interco~lers. I’arthe c~rre-

lation in coolant radiators, the liquid is in tl~rbulent flow

and it is not necessary- to take into account the variation

of the physical properties or the velocity of’the liquid.

Only the air side need be considered and the correlation

equations of reference 5$ can be used. In oil coolers,

however, the oil flow is the laminar rather that the
,(
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turbulent type and the physical properties and the velocity

of the oil in the passages must be considered.

The power chargeable to the oil-cooler installation is

the sum of the power required tc pum~; the cooling air through

the cooler plus the power required to carry the oil cooler

and its supports,

Pt =Pp+p
1!?,?

(1)

Since the power

weight-c arryin~

and equations.

consumption is not the critical variable, the

power will be omitted in the selection chart “

This grsatly simplifies tlheckarts and re-

duces the computations. However, the weisht-carrying power

will be added before the final selection is made.

The pressure drop for air ~lowi.ncthrough tubes is given

= Cl/’ )
xJ’a .

(fJaT]a~a,
or,

hence, from equation (2),

(3)
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The total thermal resistance equation is,

1 1 1 1- ( 1“1-— .—
hts~ )‘haSa+~=~ ~+ hoso (4)

The generally accepted equations for correlating heat-

transfer coefficients are,

haDa

()

PaVaDa 11

~-=c3~

qpo - c
—- , ‘ovoD ‘
i<. 4( q#o

The free area of the oil passage,

A. = LaDcfoB = B fn
&Lafi

F’rom equations (k), (~), and (6),

1 1

[

~~ Wau _—= —
htst n v

[J

P’D
‘a aSacj,ka —
&?Aaf’a

The heat-balance eqlaationis.

H = htStATi~

Then from equation (7)

(5)

(6)

-1

(8)

To arrive at the generalized equations we define the following

generalized variables: ~

Aal = A#ia
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From equation (3),

pp! = vl/ (Aa~)
~-x

From cqu.ati.on (3)

~f = (Aa’)u + (A#X’ (10)

The ratio of the resistance to heat flow ou the oil side to

the resistance on the air side is,

1,/110s~
R“ l/h,#a

Solving the .generalized equations, 1?is found,

R= (Ao’)v / (Aa~)ll

A convenient variable S ~ is defi.rled,

(12)

(1)+)
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In order to apply equations (~), (10), (11), (13), and

(14) to the plotting of a generalized oil-cooler selection

chart, the values of the exponents x, u,

determined. The quantities x and u are

in the fricticn factor znd heat-transfer

air side,

and v must be

the exponents occurring

equations on the

and,

haDa
=

ka

Irioil coolers, the

()Pava12%u
C3 ya

cooling air ~enerally flows through the

tubes and the oil around and across the tubes. F’orturbulent

flow of air through tubes, x has been given as 0.2 and u as

0.5 in reference 5.

The quantity v is the exponent in the equation corre-

lating the heat- transfer coefficient on t’heoil side,

I-i.oDn ()FJOVODOv——.
1:0 = ‘4 “~

Jn figure 3.1are shown typical commercial data obtained

on a 1~-inch o-tlcooler. From these data the heat-transfer

conductance hoSo has been plotted in figure 12 as a function

of weight flow divided by the viscosity at the average oil

temperature.
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Sample calculations are given in appendix II. The heat-

transfer coefficient on the oil side h,~ is seen to vary as

the Q.~ pcmer of ‘?;o\vo* ‘l?hevalue for the exponent v has

therefore been taken as C.~ iriplottiilg the selection chart

of figures lj(a) and Ij(b). If later data a*.eobtafned that

would change the value of this exponent, new charts could be

constructed by the same method.

Figure 1).Ihas been plotted from ijusseltls results for

cross flow (reference 6) and.gives L as a fUIICti Oi2 Of ~

for various values of -q. The r.leanteriperature difference

for both counterflow mrldparallel flow is verj nearly the same

as for cross flow. Figure l~;-may therefore be used in making

calculations for oil coolers baffled so that part of the oil

path corresponds to parallel flow and part corresponds to

counterflow as well as oil co~lcrs with pure cross flow.

,

.-- ..- .—.. --.—— ..-——.
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APPENDIX II

C&flULATIO~TOF T~ OIL 1~.IT-TRAJISFERCOFJITICIE~~T

From figure 11 the heat dissipation per 100°

temperature difference between average oil and inlet air for

a given oil flow and airflow is obtained. The th.aeeheat-

balance equations

H = ll~aGpa ~ Ta (15)

13= w. c. A :0 (16)
L3Q

H=htSt ATi~ (17)
.

and the equations d~fi.iling the thermal cfficiencies, .

T = ~ Ta;’AT. (10)

~ = A T,3/’ATi (19)

~n~T ,IfemTe/~ ‘i (20)

~et_,erl~lfllet]leover-all. l-!eat-~ransfer coeff~cient. 1~~ ~’~re

the heat-transfer coeff~cient on the oil and air sides by the

simple Ohm ~s law for thermal res:stan~e,

l/h+t = l,hasa + l)-loso (21)

The heat- transfer conductance on the air side is given by,

haSa = Sa c1 ~pa g
($y’2 (f’av~)o”o ’22)

(Equation (.22)may be derived from equat.ioll(5) assuming

ka = Iowa)

c1 = 0.021+’7

—-. . —
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Cn a = 0.24 m/lbp~
L

g= 32.5 ft/sec/sec

The heat-transfer coefficient on the ~il side tlierefore can

be calculated,

relation,

---
The fol~owiilg C,P.lcUlatiOnwdll Cq.arlfy the procecil.ll”e.

The data needed for this calculation are first listed. The

dimensions of a typicnl 13-inch oil cooler are:

Diameter of cooler, +_nches ......................... l?

Length of cooler, inches ........................... ql./7~

Effectjve tube length, inchesa ..................... 9
Frontal area of cooler, sq’.larefoot ................ 0.921
voluine5 Cu’oicfoot . ..*...... ., ..,... 6., . . . . . . . ...*. 2.691
~~bercf~ubes ...r...o,o,........................ 1315’
Outs-idediamete~ of tukles,“znch .................... 0.262
Inside tube diueter c inch ......................... 0.256
Distance across fiats of’hex~gonal ends, inch ...... 0.725
Total open i’rontp.larea, square fcot . . ...0.. . ..0... ~.LL?l

Total coolir~gSll:nfaJe,square feet ................. 6~a5

aThere is a ~ -inch Ibnsth of hex:~gollaltlu’03ngat each end of

the 8~-inch length of core tubing. The fin effectiveness

of the hexagonnl length is as~urredto be ~0 perceilt.

FrJomfigure 11, the heat.dissipation ci this cooler for

an oil flow of k~ pounds per r,inute aridan air flow of 250

pounds per minute is 1.610 Etu per minute pez’190°F temperature

difference between average oil and inlet aj.rtemperature.

.
I
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The inlet oil temperature is 2Z5°F and the inlet air is

loo °F. The arithmetic average of the oil temperature is

~~ = Tio - L To12

The total heat dissip,+ted is

5-t ‘~ (T. - Tja?/lo~.
From equation (15),

Hp (T:. - /3To/2 - Tia)/lOO = lyoCPO A To

solving for 5 TO,

A ??fi= ~~.?o~?

The temperatarc difference between inlet oil and inlet alr

is 225° - 190° = 12j°FI

g = ().527

‘fl= 0.197

From equation (1~),

l/htS ~ = 5.04.

From equation (22),

l/haSa= 2.00

Equation (21) then gives .

l/hoSo = 1.04
,V

The value of ~ nay be read from figure 17,
0

v
;%= 1.21}
‘o
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Therefore, substituting in equation (23) ,

$0 ‘ = 0.?4

Before presenting an illustrative examples it is desir.

able to introduce the curves of f’iGu.res15, 16, slid17.

~ao.2
Figure 15 shows

&
as a function of average air tempera-

a

ture and pressure. The quantity @l is given by the groduct

0.2v~
of ~

and a constant j,f; de+~errniiledby the tube diameter
L

a
Da and the free area ratio fa. Table I lists $he values

of Q for various commercial-tube sizes.

~alil
In figure 16, —- is shown as a function of average

‘k~

air teirperature. The quantity la is given hy the product

c).8of #a——
ka

and a constant ~a~; which is determined by the tube

diameter and the f’resarea ratio. Table I lists the values

of $af for various commercial-tube sizes.

oil

of

ip y
In figure 17, — is shown as a function of average

k.

temperature. The quantity_~~ is given by the product
#oo.5

~,
and a constant @o~; which is determined by tube‘l-

‘0
diameter, free aimearatio,ancl the baffling desi~n, ‘The

constant ~o! r,ayreadily be determined fro~~experimental

data by the method given in a.~penc!ix11.

—. —--- .—”... .. —,.,. . . ,. , ,. ,-. . !.--.—.—. ,,., .-,, ., ,, ,,, ,, ,,, ,,
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M?PEHDIX 11I

ILT,US’I’RA.TIVE&QWPLl?

Por a giver.internal design the selectj.on of’an oil

cooier to dissi-oate a given amo’mt of heat involves a choice

among the following parameters: Aa, L= , ~llra,Wo, A pa, and

R Or Tw. For a given heat dissip~tton, the selection of

thre(’cf these v~riabl~s completely determines a co~lcr

completel-~determirl~ the coole~.

The selection of pressure droo, A pa basetlon the pres-

sure dro-pavailable, may not Jive a cooler wtth satisfactory

congealin~ tendencies while tileselection of a 10IVvalue of

the tube-wall temperature may req~~irea cooler too large for

Me space available. Therefore,it is found desirable LO

select several.coolers and arrange the values graphically so

a sztisl?sctory compromise ma.:rbe made.
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The selection cli~rtand equations have been arranged in

a convenient form. A selection of a value of’weight flow

of air ?KJ~ quickly cletsrmines all the Y’emainlng vari3ble S.

Several values of VJ~ may be selected cmd.the other vari-

ables plotted against wei<ht flow of’e.iras .Lnfigure ~.

The simplicity of such a chart immediate~y becomes apparent.

An oil cooler v.aynow be selected, the compromise made with

due re~ard to all the variable s..

A..oil cooler will now be ca?!culated florsea-level

operation wit~l air at 600F, The oil cooler is assrlmed to

have the sar,egeonetri cal arrangemcnt, tube dd.ameter, awl

the same internal baffle spacing :-’sL’nelj-inch oil cooler

desoribed in apnendix TT. The design conditions are Civen

in the following selsct.ion forms.
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Selection Farm I

(For all oil coolers)
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.

Oil-cooler Selection Form 2

Est*.nated weight flow of air

Air.’temperature rise

Average air terlperat.ure
.—

Air te,nperature rise -
Il~et temperature ci~~c~

From figure 16 at ~a

‘“>ka346c ~a

From fi~ure 17 at To

0“5/1<00.93 ga

Symbol I Value

I 10

A Ta 30

T I 0.199

La! I 2.152

65J
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Oil-Cooler Selection l’orm J

generalized
,gencralized

At the intersection of the Lg? and S? curves on the
selection chart ~b.evalues of’th~ remaining

——

lenerali.zed
variable

- ‘??’
A,.,v

variables ~i’e read.

T

——
Value of
generalized Constant
variable

-=--i-

v = Aa La = 1-.23ft3
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Figure 1.- Temperate gradient for oil to air heat tranaf~r.
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Fiwe 11.-Porfor-oachnr~otcridionof15Uoilcooler.
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Figure12.-Corre18tlonorheattr~nefercoaf~iciant’onthe011side.
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